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Abstract. The validity of actinometry to measure N and H atoms in nitrogen–hydrogen
direct current (dc) glow discharges was investigated. The experiments were conducted in
positive columns of dc glow discharges, in mixtures of N2–xH2, wherex varies from zero to
one, pressures between 133.33 and 533.32 Pa and discharge currents from 1 to 50 mA. The
electric fields were measured by electric probes (17 V cm−1 < E < 32 V cm−1), and the gas
temperatures (490 K< Tg < 910 K) were deduced from the rotational transitions of
molecular-band systems. The actinometry was performed using argon as the actinometer gas
and compared with laser induced fluorescence measurements of ground-state atoms, in order
to establish the limits of the validity of actinometry. A theoretical approach was used in order
to interpret the behaviour of the emission lines. In nitrogen–hydrogen positive columns, the
actinometry method indicated the correct behaviour of the N atoms density in the range of
zero to one forx and for H atoms in the region fromx = 0 tox = 0.2.

1. Introduction

Electrical discharges in gases have been of great interest in the
last few years due to technological applications of plasmas
[1]. Among the possible applications of cold plasmas,
surface hardening of metals is one important application in
the metallurgical industry. Hardening of metals changes the
properties of the surface layers without changing the bulk
characteristics. One of the most important surface hardening
processes is the nitriding of metals in nitrogen–hydrogen
discharge mixtures.

Today, it is recognized that one of the most important
percursors in gas discharge nitriding is the nitrogen atom
and so the study of its production and loss mechanisms is
of fundamental importance [2]. Another equally important
radical is the hydrogen atom. The role of H atoms seems to
be the clean-up of the surface and the control of the white-
layer formation [3]. So the detection of these species is very
important in order to understand the non-equilibrium kinetics
of the medium, as well as to relate them to the properties
changed in the surface by the gas discharge.

As was pointed out in recent experimental and theoretical
works, the dissociation of the nitrogen and hydrogen in
N2–H2 glow discharges is coupled to ionization [4, 5, 28].
Therefore, the measurement of these atoms’ densities, which
are found in the majority in their ground state, is of
fundamental importance to describe the kinetics of this
medium. In order to detect atoms in the ground state, the most
interesting technique is laser induced fluorescence (LIF),

where the fluorescence induced by the laser is related to
the ground state atoms’ density [6]. Although the technique
is very attractive, its application in industrial environments
is quite complicated, due to the complexity of the laser
systems. This problem can be solved if we employ optical
emission spectroscopy (OES), which is a simple technique
to implement in industry in a broad range of applications.

Despite the simplicity of OES, it cannot be employed
directly in order to probe N and H atoms in their ground
state. In fact, OES measurements provide information about
the excited electronic states, which are not necessarily related
to the density of atoms in the ground state.

Actinometry is an OES technique that uses the addition
of a small amount of noble gas in the discharge, in our
case argon, in which the intensities of its spectral lines are
representative of the excitation mechanism. The comparison
of the emitted line intensity by the N or H excited atoms
with the intensity of an emitted line of argon, allows one
to eliminate the influence of line intensity changes due to
excitation conditions and evaluate the real behaviour of the
emitted line intensity due to the changes in the ground state
atoms’ concentration.

Section 2 presents the experimental set-up employed in
these OES experiments. The principles of the actinometry
technique are revised in section 3, where the choice of the
actinometer, the production and loss of excited states as well
as the cross section data are discussed. In section 4 the results
obtained are presented and in section 5 we present the main
conclusions of the present work.
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Figure 1. Experimental set-up.

2. Experimental set-up

The glow discharge tube has a 16 mm internal diameter and
is 20 cm long, see figure 1. Two electric probes, 10 cm apart,
are inserted into the positive column, in order to measure
the electric field, electron temperature and density. The
gases are connected to the discharge tube by means of mass
flow controllers, MKS 247C, to make it possible to control
the gas discharge mixture. The pressure is measured in
the central region of the discharge tube with the aid of a
capacitive transducer Baratron. An 8 m3 h−1 mechanical
pump maintains the flow of the nitrogen–hydrogen gas
mixture. The gases employed in the experiments are of ultra-
high purity, 99.999%.

The light emitted by the discharge is focused by
means of a lens, 15 cm focal length, into the entrance
slit of 1 m monocromator (THR1000) made by Jobin–
Yvon. The monocromator is equipped with a grating of
1800 lines mm−1, blazed in the region 450–850 nm. The
light is colimated at the exit slit where a photomultiplier tube,
R928 Hamamatsu, converts photons into an electric signal.
The current generated by the photomultiplier tube is sent to
a data aquisition electronics Spectralink, where the signal is
processed by Spectramax software. The optical system was
absolutely calibrated with the aid of a tungsten lamp.

3. Principles of actinometry

Actinometry is an OES technique, employed when we are
interested in the measurements of atoms and molecules in
their ground states, but employing emission spectroscopy. It
has the advantages of being non-intrusive and having good
spatio–temporal resolution.

Although actinometry is a straightforward technique,
certain conditions must be satisfied in order to obtain reliable
measurements [7, 8]. The first assumption is that both species
must be excited to a given state by direct electronic impact

from the ground state,

e + Xi
k
Xi
e−→X∗i + e. (1)

The de-excitation of the excited states X∗i must be radiative,

X∗i
Aij−→X∗j + hνij . (2)

Therefore, we are assuming a corona equilibrium model for
our plasma. In this assumption, cascading processes from
higher excited states are not taken into account. However, in
our discharge condition the excited state X∗i may be quenched
by a non-radiative process with species Q,

X∗i + Q
kQ−→Xi + Q (3)

where Q in this case is Q= N, H, N2, H2. For the actinometry
to be valid, the quenching of the excited state X∗i should be
a negligible loss term when compared with de-excitation by
the radiative process.

To perform actinometry, a small amount of noble gas is
introduced in the discharge, taking care that the discharge is
not perturbed. The emission intensity of a given lineIX∗ of
a transition X∗i → X∗j may be written as

IX∗ = C hνijAij k
Xi
e ne

(
∑
Aij + kQ[Q])

[(X)] (4)

wherene is the electron density,hνij is the energy of the
emitted photon (relation (2)),Aij is the Einstein coefficient
for the observed transition (i → j ),

∑
Aij is the sum of all

radiative de-excitation processes with origin in thei level,
kXie is the rate coefficient for the transitioni → j , andKQ is
the quenching coefficient. HereC represents a constant that
is related to the sensitivity of the detection system.

In order to eliminate the dependence on thene variations,
the emitted line intensity may be divided by the intensity of
an emitted line of the actinometer, which in our work was the
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Figure 2. Electric field as a function of argon added to the mixture
20% H2–80% N2 (full curve) and 80% H2–20% N2 (dashed curve).
The discharge current is 35 mA and the pressure 133.32 Pa.

7503.9 Å line (transition 2p1→ 1s2) of argon. If we suppose,
for example, the 7442.3 Å (transition 3p4S0 → 3s4P)
emitted line of the nitrogen atom, the ratio becomes

I ∗N
I ∗Ar
= hνNij A

Ar
ij k

N
e (
∑
AArij + kArQ [Q])

hνArij A
N
ij k

Ar
e (
∑
ANij + kNQ [Q])

[N2]

[Ar]

[N]

[N2]
= 1

CArN

[N]

[N2]

(5)

where

CArN =
hνArij A

Ar
ij k

Ar
e

hνNij A
N
ij k

N
e

(
∑
ANij + kNQ)[Q][Ar]

(
∑
AArij + kArQ )[Q][N2]

so the ratio IN/IAr is proportional to the [N]/[N2]
concentration ratio onceCArN is kept constant along the
whole ranges of discharge pressure and current. It should be
emphasized thatCArN is approximately constant if the energy
threshold and the excitation cross sections are similar.

In the next section we present a discussion about the
choice of argon as actinometer gas.

3.1. Choice of the actinometer

In this study, argon was chosen as actinometer gas because
the excitation of the 2p1 (or 4p′ 2Po1/2) level is 13.47 eV, a
value which is close to the excitation threshold for the 3p4So

level of N, which is 13.80 eV, and for the Hα line (level 3d
2Dj ) which is 12.06 eV.

The addition of the actinometer should not disturb the
discharge. This was verified by measuring the variation of
the electric field in the positive column when argon was added
to the mixture. As we can see in figure 2, the electric field
in the positive column remains constant until 5% Ar is added
to the mixture, and drops after this value. In this work, we
employed in the actinometry measurements a mixture with
5% Ar. In this figure two situations of discharge mixture
are presented: 20% H2–80% N2 (full curve) and 80% H2–
20% N2 (dashed curve) for a discharge current of 35 mA and
pressure of 133.33 Pa. The behaviour of the electric field is
almost the same in these conditions.

Other verification of the influence of argon in the
discharge is seen in figure 3. In this figure we can see that until

Figure 3. Emitted line intensities as a function of argon
concentration. Hα (656.2 nm, dotted curve), N (744.2 nm, dashed
curve) and Ar (750.4 nm, full curve). The discharge current is
35 mA and the pressure 133.32 Pa.

Table 1. Rate quenching coefficients of argon metastables by
nitrogen and hydrogen atoms and molecules.

Ar(3P0) Ar(3P2)
〈σv〉 (cm3 s−1) 〈σv〉 (cm3 s−1)

H 2.2× 10−11 [10] 2.4× 10−10 [10]
H2 7.8× 10−11 [11] 6.6× 10−11 [11]
N 1.7× 10−11 [12] 1.7× 10−10 [12]
N2 1.6× 10−11 [11] 3.6× 10−11 [11]

the 5% Ar mixture, the intensity of the emitted lines remains
approximately constant. For higher argon concentrations, the
intensities of the hydrogen and Ar line begin to increase. The
intensity of the nitrogen line presents a small increase in this
region.

Another important topic is that these excited states must
be created by electron impact from the ground state. This
statement is justified in the next section on the production
and loss of excited states.

3.2. Production and loss of excited states

As was stated before, the actinometric measurements are
valid if corona equilibrium can be assumed, i.e. the envolved
excited states should be created by direct electron impact
from the ground state. The excitations investigated in this
study are:

e + N(2p4So)→ e + N(3p4So) (6)

e + Ar(1p0)→ e + Ar(2p1) (7)

e + H(1s2S)→ e + H(3d2Dj ). (8)

In the case of argon, the density of the metastables
3P0 and3P2 may become important and, as a consequence,
the Ar (2p1) state may be created from these states by
electronic collisions, and the actinometry may become
invalid. However, the metastable states of argon,3P0 and
3P2, are efficiently quenched by H2, N2, N and H, see table 1,
and the population of these states in the discharge is negligible
[9–12].
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Another important remark is that quenching due to
collisions of the excited-state atoms with nitrogen and
hydrogen molecules may become an important loss factor
of these states. A correction factor was then employed in
order to take into account this loss channel in the measured
emission line intensities:

Ieff =
( 〈σv〉i,N2/H2nN2/H2∑

Aij
+ 1

)
Imeas (9)

whereIeff is the effective intensity of the emitted line and
Imeas is the measured intensity.〈σv〉i,N2/H2 is the quenching
coefficient of excited states by N2 or H2. The quenching
coefficient for the argon upper state, 2p1, by H2 is taken from
[13] to be 2.7× 10−11 cm3 s−1. The quenching of this state
by N2 is equal to 3.2× 10−11 cm3 s−1 [14]. The quenching
coefficients of the upper excited state of H (n = 3) by H2, N2

and Ar is respectively 1.8×10−9 cm3 s−1, 2.5×10−9 cm3 s−1

and 3.8× 10−10 cm3 s−1 [15].
In the case of the nitrogen upper state 3p4S0, the

quenching coefficient is not known, so the same values of
the H (n = 3) is assumed. In this study the quenching of
excited states of argon, hydrogen and nitrogen by N and H
atoms are discarded due to the low dissociation values in our
experimental conditions [16].

3.3. Theoretical model and cross section data

In order to interpret our measurements, a theoretical work
was undertaken with the aid of the BOLSIG code [17]. The
BOLSIG code is a solver for the homogenous Boltzmann
equations for electrons, employing the two-term expansion
approximation. In this work, this code was used to calculate
the coefficients for the excitation of Ar, N and H levels as a
function of gas discharge mixture, pressure and current.

In order to study the excitation of the related excited
states, we calculated excitation coefficents, using as input
parameter theE/N value measured in each mixture
composition. The cross sections for the excitation of the
3p 4S0 state of nitrogen was taken from [18]. For argon
excitation, the cross section data were taken from [19] and
for excitation of the Hα line by direct impact, the cross section
used was obtained from [20]. The cross section for the
dissociative excitation of the Hα line was taken from [21].

4. Results

After the presentation of the actinometry principles and
discussion about the theoretical model and cross section data
employed in this work, we are able to analyse the main results
obtained.

The reduced electric field,E/N , and the electronic
density,ne, as a function of the hydrogen added to the mixture
are presented in figure 4. Two Langmuir probes inserted
in the positive column, 10 cm apart, measured the electric
field. The density of neutralsN was determined by the
perfect-gas law, where the temperature was estimated from
the rotational transitions of molecular band systems. The
first system investigated was the second positive system of
nitrogen [22] (transition C35u→ B 35g) for a gas discharge

Figure 4. Reduced electric fieldE/N (dotted curve) and electron
densityne (dashed curve) as a function of hydrogen added to the
mixture. Pressure 266.66 Pa, current 50 mA.

Figure 5. Argon line intensity (750.4 nm) as a function of
pressure and hydrogen concentration in the mixture. Dotted curve,
133.33 Pa, dashed curve, 266.66 Pa, full curve, 533.32 Pa.
Discharge current 50 mA.

mixture of N2–x% H2, with 0 < x < 50. Forx > 50 the
system G16+

g → B 16+
u of hydrogen was employed [16, 23].

The electron density was measured by one of the
Langmuir probes, which may make the validity questionable,
at a gas pressure of 133.32 Pa, just to give us an insight into
the densities found in the positive column and its behaviour
as a function of the discharge parameters.

When a small amount of H2 is added to N2, N2 (A 36+
u )

and N2 (a′ 16−u ) metastable states of nitrogen, which are
responsible for the ionization, are destroyed by quenching
collisions with H2 and N2 [24, 25, 29]. In order to maintain
the discharge current constant, an increase in the electric
field is necessary to compensate for the loss of the charged
particles. As we can see in figure 4, theE/N has a jump
for values between 0% and 5% H2, remaining constant for
values from 5% to 60% H2.

Another E/N peak is obtained for a gas discharge
mixture of 95% H2–5% N2, problably due to the freezing of
the electron energy distribution function, when N2 is added
to the discharge [25], if we are going from the right to the left.
The electron densityne, decreases whenE/N increases, for
an H2 admixture of 0–5%, see figure 4.

Figure 5 shows the argon emitted line intensity as a
function of hydrogen in the mixture. When a small amount
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Figure 6. Emitted line intensities as a function of discharge
current. Hα (656.2 nm, dotted curve), N (744.2 nm, dashed curve),
Ar (750.4 nm, full curve). The discharge pressure is 133.33 Pa
with a mixture of 20% H2–80% N2.

of hydrogen is added to the mixture, a small increase in the
emitted line intensity is observed. This may be explained
by the increase ofE/N in this region, see figure 4. This
figure also shows that for a mixture composition of 90% H2–
10% N2 and a pressure of 133.33 Pa, a peak in the emitted
line intensity is obtained. For pressures of 266.66 Pa and
533.32 Pa the emitted line intensity peaks move into the
region of low concentration of nitrogen in the mixture as
the pressure increases. These effects are also due toE/N

increase in this region, see figure 4.
Figure 6 presents the intensity of the following line

emissions as a function of the discharge current: the 7503.9 Å
line (transition 2p1 → 1s2 of argon), the 7442.3 Å line
(transition 3p4S0→ 3s4P of nitrogen) and the 6562.8 Å line
(transition 3d2Dj → 2p2Po of hydrogen). As we can see, the
intensity of the 7503.9 Å line (Ar) and of the 7442.3 Å line
(N) increase linearly with the discharge current, indicating
that the upper excited states in these cases are created by
direct electronic impact. The intensity of the 6562.8 Å line
as a function of the discharge current, represented in the
same figure, shows a different behaviour from the Ar and N
lines. It presents a linear increase for discharge currents from
0–20 mA and an exponential growth after 20 mA, showing
that in the region 0–20 mA the dissociative pathway for the
production of H(n = 3) atoms may be neglected.

In order to investigate this effect, we have plotted in
figure 7 the variations of the direct excitation process rate
to the dissociative excitation process rate leading to the
production of H(n = 3) as a function of %H2, with the aid
of the BOLSIG code, see section 3.3. The H atom densities
were taken from [26] and the cross sections for direct and
dissociative excitation from [20, 21]. As the H atom densities
were measured with a precision that was greater than 20%
and considering the uncertanties in the measurements of cross
sections, we simulated two situations. The first one (full
curve) is when the ratio H Kα/H2 Kdiss is a function of %H2

and the second is when the ratio H Kα/H2 Kdiss is multiplied
by two (dashed curve). By these curves, we can expect that
actinometry will be critical for large amounts of H2 in the
mixture, but can be employed when the percentage of H2 in
the mixture is low.

Figure 7. The ratio of direct excitation to the dissoctiative
excitation of the Hα line as a function of the %H2 in the mixture
multiplied by one (full curve) and multipled by two (dashed
curve). Discharge current 50 mA, pressure 266.66 Pa.

Figure 8. Calculated excitation coefficient (A) and measured line
intensities (B) as a function of hydrogen added to the gas
discharge mixture. Argon (750.4 nm, full curves), nitrogen
(744.2 nm, dashed curve) and Hα (656.2 nm, dotted curve).
Discharge current 50 mA, pressure 266.66 Pa.

The dissociative pathway is largely dominating along the
discharge current and pressure for pure hydrogen discharges,
invalidating the actinometry method for measuring H atom
density, as was observed by St-Onge and Moisan in
microwave discharges [27]. However, in mixtures where the
percentage of H2 is varying, this may not be the case for the
low concentration of hydrogen.

The coefficient for excitation of the 7503.9 Å (Ar),
7442.3 Å (N) and the 6562.8 Å (H) lines and the emitted line
intensities as a function of %H2 are presented in figure 8.
As we can see in this figure, the excitation coefficients of
all lines increase when H2 is added to N2. This is related to
the increase in the electric field, see figure 4. For values of
5–90% of H2 in the mixture, a plateau is obtained for these
three coefficients. For mixtures N2–x% H2 with x > 90, a
small peak is obtained for anx of about 95% in the three
lines, which is related to the increase in the electric field,
also observed in figure 4. This behaviour is also observed in
the emitted intensity of the 7503.9 Å line of Ar and in the
intensity of the Hα line, as we can see in the same figure.
However, the intensity of the 7442.3 Å line of the nitrogen
atom is always decreasing in intensity as a function of %H2.
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Figure 9. Nitrogen atom concentration as a function of hydrogen in the mixture. Squares, LIF signal [28]; open triangles, emission line
intensity; open circles, actinometry. Discharge current 50 mA, pressure 266.66 Pa.

Figure 10. Hydrogen atom concentration as a function of
hydrogen in the mixture. Squares, LIF signal [28]; open triangles,
emission line intensity; open circles, actinometry. Discharge
current 50 mA, pressure 266.66 Pa.

The LIF, actinometry and line emission intensity of N
atoms are plotted in figure 9. The insert shows the signals
enlarged. The LIF points where taken from [28]. It should
be mentioned that LIF signals are directly related to the
concentrations of N [29] and H [6] atoms in their ground state.
In the range where the LIF probe of N atoms was carried out,
i.e. up to 14% of H2 in N2, the agreement between the LIF,
actinometry and line emission intensity are very good.

Actinometry intensity is higher than emision line
intensity in the region 20–80% of H2 in N2. Further
experiments using LIF as diagnostic should be desirable, in
order to interpret this difference.

The LIF, actinometry and line emission intensity of H
atoms are plotted in figure 10. We can see that LIF and
line emission intensity are in good agreement in the region
0–90% of H2 in the mixture, as was presented in [28].

However, by the reason explained above, the contribution
of the dissociative pathway in the production of H(n = 3)
atoms invalidate the actinometry for H atoms forx > 20%.
As we can see in figure 7 in the range 0< x < 20, the ratio of
production of H(n = 3) by direct and dissociative pathways
varies abruptly. Figure 10 shows that the LIF, actinometry
and line intensity have a reasonable agreement in N2–H2

discharges only in the region N2–x% H2, with 0< x < 20.

5. Conclusions

As a conclusion we can state that actinometry was
investigated in this work in order to probe N and H atoms
in the N2–H2 discharge mixture. A study of the actinometry
method was undertaken and the limits of this technique were
established in our experimental conditions.

For detection of N atoms, actinometry can be applied
in the whole mixture range, although LIF diagnostic, in the
region 20–80% of H2 in the mixture, should be desirable, in
order to verify the validity of actinometry.

The detection of H atoms in the positive column by
actinometry may be used only in the region N2–x% H2,
with 0 < x < 20, because the contribution of H(n = 3)
line emission from the dissociative pathway invalidates this
diagnostic method for higher concentrations of H2 in the
mixture. However, LIF and line emission intensity have good
agreement in the region N2–x% H2, with 0< x < 90.
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